Can. Ent. 110: 407-412 (1978) The optimum temperature range for development and survival of the predacious coccinellid Coleomegilla maculata and its parasite Perilitus coccinellae is 24" to 26.7'C. Theoretical thresholds for development (t) of the pre-imaginal stages of C. maculata range from 9" to 13°C. Total development (from oviposition to adult emergence) of the beetle requires an accumulation of 236 heat degree days (K) above 11.3"C (t), whereas the development of P . coccinellae requires 395 heat degree days (K) above 9.8"C (t). To predict the seasonal interaction between C. maculata and P . coccinellae, and to manage C. maculata efficiently as a biological control agent, it is vital to know the thermal and dietary requirements of the two species.
Introduction
Coleomegilla maculata (De Geer) is a native beneficial coccinellid that is widely distributed east of the Rocky Mountains in North America. It is common in fields of alfalfa, corn, and turnips (Richerson and DeLoach 1973) , and it is considered an important predator of numerous insect pests, including the cereal leaf beetle (Shade et al. 1970) , the bollworm (Whitcomb 1967) , and the European corn borer (Whitman 1975) .
In turn, C. maculata is attacked in the adult stage by Perilitus coccinellae (Shrank), a thelyotokous parasite of several coccinellid species (Hodek 1973) . Some authors have assumed that P. coccinellae reduces the effectiveness of this predator as a biological control agent (Balduf 1926; Richerson and DeLoach 1973) . However, this assumption is open to question because it has not been tested and also because the analogous problem of the impact of hyperparasites on the population dynamics of primary parasites and their hosts is an unresolved question that is now being re-examined (Huffaker et al. 1977) . Therefore, to increase the potential usefulness of C. maculata as a biological control agent, we initiated a study of its interaction with its parasite P. coccinellae. This paper presents the stage-specific thermal requirements for development of both species.
Materials and Methods

C. maculata
Adults of C. maculata (lengi variety) from Ithaca, N.Y., were maintained at L:D 16:8, 24+-1°C, and were constantly provisioned with water, a WheastB-protein food mixture, Acyrthosiphon pisum (Harris) (pea aphids), and Myzus persicae (Sulzer) (green peach aphids). Egg clusters from each fertile female were distributed among five constant temperature conditions (Table I) . On the day of hatching we transferred each first instar larva to a separate vial. Larvae were given M. persicae that had been reared on Chinese cabbage, Brassica oleracea L. There were three replicates for each temperature; each replicate consisted of 20 to 36 individuals. All tests used the first generation offspring of field-collected adults.
The larvae were examined daily; developmental time was recorded for each pre-imaginal life stage (ecdysis to ecdysis) and also for the total life cycle. The fourth instar included the "prepupa", an immobile stage preceding the pupal ecdysis. P . coccinellae P . coccinellae females were obtained from field-collected C. maculata hosts. They were maintained at L:D 16:8, 24+1°C, in cages provided with water, honey, a WheastB-protein food mixture, and honeydew. The first laboratory generation adults of C. maculata served as hosts for the P. coccinellae. All host beetles were given a daily supply of pea aphids and green peach aphids. We exposed groups of four or five C. maculata adults to pairs of P. coccinellae females for 8 h. These beetles were then distributed among five constant temperature conditions (Table 111) . We recorded the parasite egg-larval developmental time (days from host exposure to parasite emergence and cocoon formation), prepupal-pupal development time (days from cocoon formation to adult emergence), and adult longevity (days from emergence to death). For the tests of adult longevity, parasites were provided with water, honey, a WheastB-protein food mixture, and honeydew.
Statistical Analysis
The reciprocal of the mean developmental time (lldays) was plotted against temperature and the resulting curve was tested for linearity using the ANOVA test (Snedecor and Cochran 1967) . The theoretical threshold for development (t) was estimated by extrapolation, and the thermal constant (K) was then calculated from the equation K = y ( d -t ) , where y = mean developmental time (days), d = temperature ("C), t = theoretical threshold for development ("C) (Andrewartha and Birch 1954; Wigglesworth 1972 ). We calculated standard errors for each t and K value following a method outlined by Campbell et al. (1974) , but which was modified for replicated data (Tauber et al., in prep.) . Results C . maculata Development Both the developmental rates and the mortality of C. maculata increased with increasing temperature (Table I ). Between 18.3" and 29.4"C, the ANOVA test showed that the rate of development of each life stage (except the fourth instar-prepupa) and the total life cycle (Table I ) had a linear relationship with temperature (level of significance = 0.05). For the fourth instar-prepupal stage, temperature and rate of development had a linear relationship over the range of 18.3" to 26.7"C.
All t values fell between 9" and 13"C, and the K value for the total life cycle was 236 heat degree days above 11.3"C (Table 11 ). Fourth instar larvae had the lowest t value (9.4"C), the largest K value (70), and it represents the greatest percentage of the total life cycle at all temperatures (approx. 25%). The second instar had the highest t value (12.7"C), the lowest requirement of heat degree days (22), and the smallest percentage (10%) of the total life cycle (Table 11) .
Parasite Development Between 15.6" and 26.7"C the developmental rates (Table 111 ) of P . coccinellae showed a linear relationship with temperature (level of significance = 0.05). The t values forP. coccinellae's three developmental periods were approximately 10°C; the K value for the total life cycle was 395 heat degree days above 9.8"C (Table 11 ). Mean adult longevity increased from 4 to 8 days at lower temperatures (Table 111) .
Parasite survival (as measured by adult emergence) was greatest at 24"C, and it decreased progressively with decreasing temperatures (Table 111 ). Mean survival of parasite pupae showed a similar trend.
Incidence of host mortality (without parasite emergence) was highest at 15.6" and 18.3"C and lowest at 26.7"C. The dead beetles had a high incidence of superparasitism (75%, N = 12).
Discussion
Optimum Temperatures
Based on developmental rates and mortality, we conclude that C. maculata's optimum temperature falls between 24" and 26.7"C. Although the developmental rate at 26.7"C was faster than at 24"C, the mortality at 26.7"C was also consistently but not significantly higher. These observations are consistent with the results obtained by Smith and Williams (1976) , who reported that the fecundity of C. maculata lengi was highest at 2S°C, fertility greatest at 23" to 2S°C, and longevity for laboratory-reared adults longest at 23°C. P. coccinellae's optimal temperature was similar to its host's. The low parasite survival at 15.6' and 18.3"C was correlated with both low host survival and low survival of the parasite pupae at these temperatures (Table 111) .
In an earlier study Gurney and Hussey (1970) reared C. maculata from Trinidad at three temperatures (1 6"C, 2 1°C, 24°C). Using their data we calculated the t and K values for the total life cycle; they are 10.9"C and 262 heat degree days, respectively. These values were not greatly different from the values of 11.3"C and 256 heat degree days that we obtained from the ghaca population (Table 11) . Similarly, in their studies using fluctuating temperatures (x = 26. 1°C), Simpson and Burkhardt (1960) reported that tctal development (from oviposition to adult) for C. maculata ranged from 15 to 19 days (x = 17.4). The pre-imaginal developmental times as well as total development reported in their study closely agreed with the values we observed at a constant 26.7"C ( Table I) .
The egg-larval developmental time (24.7 days at 21. I0C) that we recorded for the parasite P . coccinellae in C. maculata, is similar to that previously reported by Balduf (1926) for the same two species; but it is much longer than the period (13-14 days at 70L5"F) given by Sluss (1968) for P. coccinellae in Hippodamia convergens males. This difference in parasite developmental time may result from (a) differences in host suitability, (b) microsporidian infections observed by Sluss (1968) in both the parasite and its host, or (c) differences inP. coccinellae strains.
Parasite pupal developmental times that we obtained at 21.1°C (Table 111) closely agree with the value previously reported by Smith (1960) . Also, our adult longevity data are not greatly different from the values given by Balduf (1926) for P . coccinellae on a honey diet, or by Smith (1960) (parasite diet not given); both investigators worked with P . coccinellae reared from C. maculata. Iperti (1964) observed similar periods of adult longevity (3 to 11 days) at 20' to 2S°C, but much longer adult life at 14OC for P . coccinellae from Coccinella septempunctata L. (diet not given).
Seasonal Activity
Knowledge of thermal requirements for development is important in predicting the seasonal timing of host-parasite interactions. For example, despite the problems inherent in extrapolating laboratory results to the field, the thermal data we obtained for C . maculata and P . coccinellae are useful in estimating the maximum number of generations possible in a year. Thus, we predict that early in the spring, when temperatures are close to the developmental thresholds, the slightly lower t values characteristic of P. coccinellae allow it to begin development prior to its host. The lower t values would not substantially alter the developmental time relative to its host later in the season when temperatures are high (see Campbell et al. 1974; Tauber and Tauber 1976) . The much higher K values for P. coccinellae indicate that at high temperatures its development would take longer than C. maculata's. Therefore, based solely on thermal requirements, C. maculata would be expected to produce more generations per year than P. coccinellae. This conclusion differs with observations that P. coccinellae produces 4 or 5 generations per year (Balduf 1926; Richerson and DeLoach 1973) and that C. maculata produces 2 or 3 generations per year (Pack 1925; Putman 1964) . We propose that other environmental factors, e.g. differences in time of diapause induction and termination, and quality and quantity of food, may be as important as temperature in determining the number of generations of the beetle and its parasite.
C. maculata is polyphagous (Hodek 1973) , and the quantity and quality of its food can strongly influence its development. Previous studies have shown that (1) development was slightly slower when larvae fed on the mite Tetranychus telarius than when they fed on Rhapalosiphum rufomaculatum, an aphid (Putman 1957) , (2) the rate of development decreased as a result of food shortage (Smith 1965a) , (3) individuals completed development on a variety of plant pollens (Smith 1961) , but (4) development was more rapid and survival higher when C. maculata was reared on a mixture of corn aphids and corn pollen than when larvae received either food alone (Smith 19656) . Thus, both the type and amount of food can greatly affect the number of generations that C. maculata has per year. Given that prevailing temperature conditions in eastern North America are sufficient to allow more than the observed 2 to 3 generations per year, we suggest that C. maculata's rate of development could be increased by provisioning selected sites with an appropriate synthetic diet as has been proposed for other entomophagous species (see Hagen et al. 1971 and van den Bosch and Messenger 1973) . In this way the effectiveness of C . maculata as a biological control agent could be increased.
